Pancreatic ductal adenocarcinoma (PDAC) is an aggressive malignancy with an exceptionally poor prognosis.^[@bib1]^ The overall 5-year survival is \<9% for unresected PDACs and improves up to \~15% to 25% after surgical removal of the tumor.^[@bib1]^ Other than surgery with radical intent, current treatment options are limited.^[@bib1]^

Targeted "precision" therapies have resulted in improved survival for several cancer types, including lung cancer.^[@bib2]^ Despite extensive sequencing studies,^[@bib3]--[@bib7]^ molecular targeted therapies have not been successful in the majority of patients with pancreatic cancer (PC).^[@bib8],[@bib9]^ There are, however, exceptions. For example, a fraction of patients with PC harboring inactivating mutations in homologous recombination repair genes may benefit from targeted therapies.^[@bib10]^ The challenge moving forward is to identify additional subgroups of patients with PC who will similarly benefit from therapies selected based on molecular characteristics in their specific cancer.

Medullary pancreatic carcinoma (MPC) is a rare subtype of PDAC with distinctive morphological and molecular features. Goggins et al^[@bib11]^ initially described this variant in 1998 as pancreatic adenocarcinoma associated with DNA replication errors, wild-type *KRAS,* and distinct histopathological hallmarks including poor differentiation, expanding invasion, extensive necrosis, and a syncytial growth pattern. Because of its rarity, very little is known about the molecular pathology of MPC. The largest study to date, describing 18 MPCs, revealed several prominent characteristics significantly associated with this rare tumor type.^[@bib12]^ First, microsatellite instability (MSI) was detected in 22% (4/18) of MPCs, whereas the remaining 78% (14/18) were microsatellite stable (MSS). All 4 MSI cases demonstrated loss of MLH1 expression at the protein level. Second, activating mutations in the *KRAS* oncogene, observed in \>90% of conventional PDACs, were detected in only 33% of the MPCs.^[@bib1],[@bib8],[@bib12]^ Third, a medullary phenotype was significantly associated with family history of any cancer type in first-degree relatives.^[@bib12]^ Furthermore, MPC has been reported in a Lynch syndrome patient with a germline *MSH2* mutation.^[@bib13]^

Overall, mismatch repair (MMR) deficiency, both due to germline and somatic MMR gene inactivation, is strongly associated with a medullary phenotype in PC.^[@bib11]--[@bib14]^ In a recent systematic review, medullary histology of PDAC was shown to be strongly associated with MSI and deficient DNA MMR.^[@bib15]^ However, the fact that most MPCs reported in the literature are MSS indicates that other unknown molecular mechanisms play a role in the pathogenesis of this distinctive tumor.

Here, we present a unique case of a patient with an MSS MPC. Sequencing revealed a somatic polymerase epsilon gene (*POLE*) mutation and a high tumor mutational burden (TMB). We hypothesize that this *POLE* mutation and the resulting hypermutation are responsible for the medullary phenotype in this MPC. In view of the improved prognosis and potential responsiveness to immunotherapy of *POLE*-mutated cancers, this new finding has important implications for treatment and prognostication of patients and for our understanding of the pathogenesis of MPC.

CASE REPORT
===========

A female patient in her 60s initially presented with nausea, especially progressive after the consumption of a fat-enriched meal, and feelings of discomfort in the epigastric region. The patient had no prior oncological history, and her family history of cancer was negative. Further investigation by magnetic resonance imaging and positron emission tomography scan revealed a positron emission tomography--positive mass in the pancreatic head (Figs. [1](#F1){ref-type="fig"}A--C). Fine-needle aspiration cytology was positive for malignancy. The tumor was surgically resected by a Whipple procedure, which showed a well-circumscribed 7-cm tumor with extensive central necrosis located in the pancreatic head. No macroscopic involvement of the duodenum was observed. No lymphovascular or perineural invasion was detected, and all 22 isolated pancreaticoduodenal lymph nodes were free of tumor. Based on the final histopathological assessment, the tumor was classified as stage pT3N0M0R0 (American Joint Committee on Cancer eighth edition) MPC. No adjuvant therapy was given. The most recent abdominal magnetic resonance imaging, performed 5 years after surgery, demonstrated no signs of recurrence or metastasis.

![Axial T2-weighted MR image (half-Fourier acquisition single-shot turbo spin echo \[HASTE\]) with a sharply demarked high signal intensity mass (45 mm) in the pancreatic head (A). Axial T1-weighted image (T1 volumetric interpolated breath-hold examination \[T1-VIBE\] with fat suppression) after intravenous injection of a contrast agent (gadoterate meglumine) shows enhancement of the wall with some linear papillary projections and a large nonenhancing center, possibly because of necrosis or mucinous component (B). On fluorine-18 fluorodeoxyglucose positron emission tomography (18F-FDG-PET), the wall of the tumor is avid with a large photopenic center (C).](mpa-49-999-g001){#F1}

Pathological Findings
---------------------

Microscopically, the neoplasm was well-demarcated with a pushing border growth pattern and extensive necrosis in the center. A prominent lymphocytic infiltrate surrounded and infiltrated the tumor (Fig. [2](#F2){ref-type="fig"}A). The tumor was composed of a proliferation of loosely cohesive and solitary cells, sometimes organized around pseudopapillae, reminiscent of a solid-pseudopapillary neoplasm (SPN) (Fig. [2](#F2){ref-type="fig"}B). The neoplastic cells demonstrated marked cytonuclear atypia and frank mitotic activity (Fig. [2](#F2){ref-type="fig"}C). In the more solid areas, the tumor showed a syncytial growth pattern with loss of cell boundaries.

![Microscopically, the tumor was characterized by a pushing border growth pattern, extensive central necrosis, and a prominent lymphoid infiltrate surrounding the tumor (A). The tumor was composed of a proliferation of loosely cohesive and solitary cells, sometimes organized around pseudopapillae (arrow), reminiscent of an SPN (B). The tumor cells demonstrated marked cytonuclear atypia and frank mitotic activity (C).](mpa-49-999-g002){#F2}

Immunolabeling revealed that the neoplastic cells expressed cytokeratin 7, whereas markers for acinar differentiation (BCL10) and SPN (CD10 and nuclear β-catenin) were negative. Moreover, complete loss of p53 and SMAD4 expression was detected, suggesting genetic inactivation of both genes. All 4 MMR proteins, MLH1, MSH2, MSH6, and PMS2, were expressed, consistent with an MSS tumor.

Immunohistochemical analysis further revealed marked infiltration of CD4^+^ and CD8^+^ T lymphocytes, both at the leading edge of the tumor as well as in between of neoplastic cells (Figs. [3](#F3){ref-type="fig"}A, B). Furthermore, a substantial portion of the tumor-infiltrating lymphocytes (TILs) showed granular cytoplasmatic staining for granzyme B, further confirming their cytotoxic phenotype (Fig. [3](#F3){ref-type="fig"}C). Immunohistochemical analysis and list of antibodies are described in Supplemental Digital Content (Supplemental Table 1, <http://links.lww.com/MPA/A792>).

![The tumor showed marked infiltration of CD4^+^ (A) and CD8^+^ (B) T lymphocytes both at the tumor border and in between of tumor cells. Multiple TILs stained positively for granzyme B (C), indicative of their cytotoxic phenotype.](mpa-49-999-g003){#F3}

Despite the lack of MSI, based on morphological grounds and World Health Organization classification, the tumor was signed out as an MPC.

Molecular Findings
------------------

Because of the MSS phenotype, targeted next-generation sequencing was performed to unravel the molecular basis of the MPC in our patient, using a custom panel for frequently mutated regions of 30 cancer-related genes, the entire *SMAD4* coding region, and 5 mononucleotide MSI markers (Supplemental Digital Content, Supplementary Table 2, <http://links.lww.com/MPA/A792>).^[@bib16]^

All 5 mononucleotide MSI markers included in the next-generation sequencing panel, BAT25, BAT26, NR21, NR24, and NR27, were stable, confirming the MSS phenotype of the tumor. A tumor-specific somatic *POLE* mutation (NM_006231.3: c.1231G \> T or p.Val411Leu; VAF 17%) was detected that is annotated as likely pathogenic by ClinVar.^[@bib17]^ This is a known hotspot mutation in the exonuclease proofreading domain of POLE polymerase, resulting in a protein with compromised proofreading activity during DNA replication. In addition, somatic mutations were detected in the following genes: *ERBB2* c.929C\>T (p.Ser310Phe; VAF 15%), *GNAS* c.601C\>T (p.Arg201Cys; VAF 16%), *KRAS* c.183A\>C (p.Gln61His; VAF 17%), *MAP2K1* c.316G\>A (p.Ala106Thr; VAF 17%), and *TP53* c.637C\>T (p.Arg213\*; VAF 18%), suggestive of a hypermutation phenotype. No mutations were detected in the hotspot positions of *CTNNB1*, excluding the differential diagnosis of SPN.^[@bib18]^

Tumor mutational burden was assessed using TruSight Oncology 500 (Illumina, Inc, San Diego, Calif) and showed 111 mutations/Mb in the tumor tissue, compared with 1.6 mutations/Mb in the normal nonneoplastic control tissue. This is consistent with a high TMB caused by the *POLE* mutation. Further analysis revealed a mutational signature (signature 10, COSMIC), known to be associated with *POLE* mutations (for details, see Fig. 5 in Kroeze et al^[@bib19]^; current MPC is represented as UPN40). For details on TMB analysis, see Supplemental Methods, <http://links.lww.com/MPA/A792>. For the complete list of somatic variants identified in the tumor, see Supplemental Digital Content (Supplementary Table 3, <http://links.lww.com/MPA/A792>).

DISCUSSION
==========

Here, we present a case of an MSS MPC with a pathogenic somatic *POLE* mutation leading to a high TMB. Based on the findings in this case report, we hypothesize that a somatic *POLE* mutation and the resulting hypermutation can be an alternative molecular mechanism, instead of MSI, underlying MPC, resulting in exceptionally improved overall survival.

The current case is the first description of a medullary phenotype observed in a PC with a somatic *POLE* mutation. In a recent study, Guenther et al,^[@bib20]^ examined 115 unselected PDACs but did not identify any hotspot *POLE* mutations. Moreover, they checked 741 PDAC samples from the publicly available sequencing platform, [cbioportal.org](http://cbioportal.org), and identified only 1 case with a pathogenic *POLE* mutation and 2 with possibly damaging variants.^[@bib20]^ Histology of the few reported *POLE*-mutated tumors has not been specified, and *POLE* mutation is very rare in unselected PC.^[@bib3]^ The current case indicates that the medullary phenotype is likely to be a marker for a genetic defect that leads to hypermutation, either by MMR deficiency or by *POLE* mutation. Therefore, further research is necessary to investigate the role of *POLE* mutations in MPCs.

The *POLE* gene encodes the DNA polymerase ε catalytic subunit (Polε), which is a large polymerase involved in the synthesis of the DNA leading strand during replication.^[@bib21]^ Mutations in the proofreading domain of *POLE* lead to DNA repair deficiency characterized by MSS and ultramutated phenotype.^[@bib22]^ Interestingly, in contrast to the "two-hit" paradigm of tumor suppressor genes inactivation, similar to other studies,^[@bib22],[@bib23]^ no second hit by either somatic mutation or loss of heterozygosity has been detected in this MPC. This indicates that a single affected allele is sufficient to hinder the proofreading activity of POLE polymerase and promote POLE-mediated tumorigenesis and high TMB.^[@bib24]^ Moreover, a major contribution of mutational signature 10a and 10b, associated with *POLE* mutations, indicates that somatic monoallelic mutation in the exonuclease domain of *POLE* is a main mutational process driving the tumorigenesis and responsible for high TMB in this MPC.^[@bib19]^ Germline mutations in *POLE* and *POLD1* polymerases predispose to rare polymerase proofreading-associated polyposis, imposing increased risk to develop polyposis, early-onset colorectal cancer (CRC), and endometrial carcinomas (ECs).^[@bib22]^ Recently, a large family harboring a novel germline *POLE* variant was described to have multiple cancers including 3 early-onset PC cases, potentially indicating that PC belongs to the tumor spectrum of polymerase proofreading-associated polyposis.^[@bib24]^ Germline *POLE* mutations were also reported in familial PC patients, and their frequency positively correlated with family history of breast, ovarian, or PC.^[@bib25]^

Because of deficient proofreading capacity, *POLE*-mutated tumors are characterized by an ultramutated phenotype and exceptionally high TMB.^[@bib26],[@bib27]^ A distinct ultramutated subgroup of CRCs and ECs was indeed shown to harbor somatic *POLE* mutations.^[@bib28],[@bib29]^ Consistently, high TMB was detected in addition to the somatic *POLE* mutation in the current case. Furthermore, it is well established that high TMB results in increased presentation of neoantigens on tumor cells, facilitating the activation of immune cells.^[@bib30],[@bib31]^ Because of the enhanced activation of the immune system and consequent antitumor immune response, *POLE*-mutated ECs have excellent prognosis and better survival rates.^[@bib32]--[@bib35]^ Moreover, *POLE*-deficient CRCs demonstrating increased infiltration with CD8^+^ lymphocytes exhibited a decreased recurrence risk.^[@bib36]^ Indeed, in the current case, a high number of TILs was demonstrated by immunohistochemistry.

Although it is known that patients with MPC have prolonged survival compared with the extremely poor prognosis of conventional PDAC,^[@bib14],[@bib37]^ a recent review of MPC described that most patients (15/21; 71%) died from their disease, often within 1 year of diagnosis (11/21; 52%).^[@bib38]^ Our patient showed a remarkable 5-year disease-free survival, more consistent with the previously stated better prognosis of *POLE*-mutated tumors. This may indicate that, in the heterogeneous group of MPC, *POLE* mutation could segregate a unique type of PDAC patients with long-term survival.

Finally, high TMB alone is a known predictor of response to immunotherapies in multiple cancer types.^[@bib27],[@bib39]^ Interestingly, *POLE*-mutated cancers were reported to carry an average of 15 times more neoantigens than MSI tumors and 100 times more than MSS tumors.^[@bib40],[@bib41]^ Therefore, we anticipate that *POLE*-mutated PC may be very promising target for immunotherapies.

To conclude, we describe an MSS MPC with a somatic *POLE* mutation. This case indicates that *POLE* mutations represent a novel molecular mechanism underlying medullary histology in PC that might be particularly sensitive to immunotherapies and could be associated with a better prognosis. This case further highlights that histopathology can provide a clue to the underlying genetic drivers of a neoplasm.
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